Background The role of vitamin D status in patients with renal insufficiency and its relation to dietary intake and parathyroid hormone (PTH) secretion is of utmost interest given the morbidity and mortality associated with the disordered mineral metabolism seen in chronic kidney disease (CKD). Methods We conducted a cross-sectional study of 100 pediatric patients with a diagnosis of CKD stage 1-5 at Children's Hospital Boston, measuring blood levels of 25
Introduction
An enhanced understanding of the role of vitamin D status in patients with renal insufficiency and its relation to dietary intake and parathyroid hormone (PTH) secretion has the potential to change supplementation practices and the clinical care of these patients.
Vitamin D is obtained from both the diet and upon exposure to ultraviolet light [1] . Precursors of vitamin D 2 . Calcitriol regulates intestinal absorption of calcium, bone resorption, and renal excretion of calcium and phosphate. Significant alterations in renal function, such as those found in chronic kidney disease (CKD), result in decreased activity of renal 1-alpha-hydroxylase [2] , leading to decreased production of calcitriol. This in turn leads to decreased intestinal absorption of calcium and reduced renal phosphate excretion, resulting in hypocalcemia and hyperphosphatemia.
Hypocalcemia reduces the activity of the calcium-sensing receptor in the parathyroid gland and stimulates the secretion of PTH [3] . PTH, in response to both low serum calcium and elevated serum phosphate levels, increases the tubular reabsorption of calcium and the tubular secretion of phosphate, and stimulates the renal enzyme 1-alphahydroxylase to produce 1,25(OH) 2 D. However, as noted above, patients with CKD are not able to produce adequate amounts of 1,25(OH) 2 D. These patients may also have poor baseline nutritional intake related to uremia-induced reduction of appetite, as well as dietary restriction of specific nutrients, such as phosphorus, leading to inadequate substrate for conversion to calcitriol.
In normal subjects, the secretion of PTH is inhibited by the presence of fibroblast growth factor-23 (FGF-23), a phosphaturic hormone, and its co-receptor Klotho [4] . However, unlike PTH, FGF-23 inhibits 1-alpha hydroxylation of 25(OH)D [5] and, consequently, the production of calcitriol is limited still further in patients with CKD as the FGF-23 level rises [6, 7] . The FGF-23 level may rise early in CKD to prevent hyperphosphatemia [8] and has been associated with a poor renal prognosis, but the underlying mechanism remains elusive, and thus the measurement of FGF-23 is of unclear clinical significance [9, 10] . Hence, several factors in CKD may contribute to disturbances in these pathways or disordered mineral metabolism. Secondary hyperparathyroidism ensues, which leads to high-turnover bone disease, known as chronic kidney disease mineral and bone disorder (CKD-MBD) [11] .
There are few studies to date examining the prevalence of vitamin D deficiency or insufficiency in the context of CKD [7, [12] [13] [14] [15] . Because of the potential for a lack of 25(OH)D substrate compromising the ability to produce sufficient 1,25(OH) 2 D, it may be important to evaluate both 25OHD and 1,25(OH) 2 D levels in the CKD population. Furthermore, measurement of 25OHD levels in patients with CKD has been of unclear value in the past, when clinical care focused on prevention and treatment of hyperparathyroidism with calcitriol. Beyond its effects on bone, vitamin D deficiency has been associated with multiple other deleterious effects, including hypertension, cardiovascular morbidity, inflammation, and cancer risk [6, 16] . While evaluation for these effects was beyond the scope of this study, establishing the prevalence of vitamin D deficiency and insufficiency is an important step in identifying risk factors for such conditions. Therefore, this study was undertaken to demonstrate trends in 25OHD and 1,25(OH) 2 D levels in patients with CKD. Additionally, the relationship of vitamin D to nutritional intake has not been studied in pediatric CKD patients who may have unique factors contributing to dietary exacerbation of vitamin D deficiency.
The aims of this study were to determine: (1) the prevalence of vitamin D deficiency and insufficiency in children with CKD; (2) the impact of vitamin D levels on hyperparathyroidism in pediatric patients with renal insufficiency; (3) the impact of nutritional intake on vitamin D status in this population.
Methods
This was a cross-sectional prospective study of 100 pediatric patients with a diagnosis of CKD who were attending the outpatient clinics at Children's Hospital Boston. We enrolled children aged 6 months to 18 years with CKD stages 1, 2, 3, 4, and 5, including 5D, based on estimated glomerular filtration rate (eGFR) using the most recent bedside Schwartz calculation [17] . Potential participants were approached during a routine visit to the Division of Nephrology at Children's Hospital Boston. CKD stage was classified using the Kidney Disease Outcome Quality Initiative (K/DOQI) guidelines [18] . Subjects who had received kidney transplants were categorized according to eGFR as this is carried out in clinical practice to guide monitoring and therapy of CKD.
Children with renal transplants were only enrolled if they were a minimum of 6 months post-transplant at the time of recruitment, and those who were on dialysis had to be on a stable regimen at the time of enrollment. Approval from the Committee on Clinical Investigation, the Children's Hospital Boston Institutional Review Board, was obtained prior to initiation of the study.
Following subject assent and parental informed consent for those patients aged <18 years and subject consent from those who were 18 years old, clinical laboratory test results were obtained concurrently with study measurements. For all subjects, serum PTH and creatinine were obtained as part of the clinical testing, and 25(OH)D, 1,25(OH) 2 D and alkaline phosphatase levels were obtained as part of the research assessment. Subjects were enrolled from January 2010 to March 2011.
A demographic form was completed at enrollment that included a skin pigmentary response scale, as has been used previously [19] . A previously validated sun sensitivity scale was also included in the intake form [19] . We obtained up to three 24-h food recalls per subject using the Nutrition Data System for Research (NDS-R), a standard measurement tool for nutrient intake, which provides an average of the vitamin D dietary intake for a 24-h period (NDSR, University of Minnesota, Minneapolis, MN). Vitamins and supplements were included in this analysis, but calcium-based phosphate binders were excluded as the theoretical absorption of calcium from these products is minimal. Note was made of medications (e.g., calcitriol, phosphate binders), as well as formula type and recipe, if applicable, to complete the nutritional assessment.
Additional data were obtained from the clinic intake sheet, including height, weight, and blood pressure. Height and weight percentiles were recorded based on standardized growth charts, and body mass index was calculated. Blood pressure was categorized according to percentile for age and height based on the Fourth Task Force Guidelines [20] . The subject's medical record was reviewed and pertinent clinical information and laboratory data abstracted, such as the original renal disease, time on dialysis (when applicable), and date of transplant (when applicable).
Information about the month and season during which the subject was enrolled was obtained as this is an important variable to consider given the effects of sunlight exposure on vitamin D synthesis. At initiation of the study, AprilSeptember was defined as the period of sunny months, while October-March was defined as the period of nonsunny months in our region of the northeastern USA.
25(OH)D samples were batched, and the analysis was performed at Harvard Catalyst Central Laboratory, a CLIAcertified core analytical laboratory, using radioimmunoassay (RIA; Diasorin, Stillwater, MN). The intra-assay coefficient of variation (CV) was 4.4-8.3%, and the inter-assay CV was 6.2-12.5%. 1,25(OH) 2 D and alkaline phosphatase were analyzed at LabCorp by column chromatography, RIA, and kinetic methods. Both 1,25(OH) 2 D and alkaline phosphatase were sent to LabCorp within 24 h of subject enrollment due to established difficulties in storing these samples for later processing. Serum chemistries were determined in the Children's Hospital Boston clinical lab, as was plasma intact PTH (iPTH), which was measured by solidphase, two-site chemiluminescent enzyme-labeled immunometric assay (Immulite 2000; Diagnostic Products Corp, Los Angeles, CA; intra-assay CV 4.2-5.7%, interassay CV 6.3-8.8%).
25(OH)D deficiency was defined as a concentration of ≤20 ng/mL, and insufficiency as >20 but≤30 ng/mL. Correlations between vitamin D levels and PTH, calcium, phosphorus, nutritional intake, and stage of CKD were assessed. Alkaline phosphatase was used as a marker of bone turnover. Serum bicarbonate was noted as a measure of acidosis.
Levels of 25OHD were compared across clinical categories by Student's t test, and the prevalence of 25(OH)D deficiency was compared across categories by the Fisher exact test. Correlation among laboratory measures was assessed by the Spearman rank correlation coefficient (r s ) to allow for skewed distributions. Multiple linear regression techniques were used to construct a model for 25(OH)D level, depending jointly on clinical measures [1,25(OH) 2 D, eGFR, PTH] and the two sun sensitivity scales. PTH level was log-transformed for entry into the regression model to compensate for its skewed distribution. The regression effect of PTH is reported as the response to a twofold increase; the other effects are reported per unit concentration or per scale unit. Multiple logistic regression was similarly employed to model the dichotomous endpoints of 25(OH)D deficiency and hyperparathyroidism. Computations were performed with SPSS Release 18.0 (SPSS, Chicago, IL) and SAS ver. 9.2 (SAS Institute, Cary, NC).
Results
Characteristics of enrolled subjects are summarized in Table 1 . The predominance of boys was consistent with the higher prevalence of congenital urologic issues in boys. Race in the sample was consistent with our current clinical demographic. Of those born preterm, nine were born at ≤32 weeks. Subject enrollment was balanced between the sunnier months and darker months.
Vitamin D status
Laboratory results are summarized in Table 2 . Of the 99 subjects for whom data were available, 16 % had a 25(OH) D level of ≤20 ng/mL, with another 24 % with levels between 20 and 30 ng/mL, for a total of 40 % of subjects with suboptimal vitamin D levels.
The level of 25(OH)D did not vary significantly across stages of CKD, but 1,25(OH) 2 D levels were lower in the more advanced stages, while PTH and phosphorus levels were higher ( Fig. 1 ). Alkaline phosphatase level did not vary with CKD stage.
We found no difference in mean 25(OH)D level or prevalence of vitamin D deficiency between those with CKD stage 1, 2, 3 versus those with CKD stages 4, 5 ( Table 3) . The difference remained non-significant after controlling for sun sensitivity, sun exposure, and skin pigmentary response to the sun. There was no difference in mean 25(OH)D level between those enrolled during the sunny months compared to those enrolled during non-sunny months. Those taking vitamin D supplements, including vitamin D/calcium and vitamin D/fish oil supplements, were no more likely to be vitamin D deficient.
Time spent outside varied from less than 30 min per day to more than 2 h per day, with a mean of between 1 and 2 h daily (≤30 min: n017; between 30 min to 1 h: n026; 1-2 h, n036; >2 h: n021). Those percentages did not vary significantly across CKD stages (Spearman r0 −0.01, p0 0.95). Although more time was spent outdoors in the sunny season than in the dark season (p00.002), the mean 25(OH) D level was not associated with either the season (p00.12; Table 3 ) or with time spent outside (r0−0.05, p00.60). Sunscreen was reported to be worn by 65 % of subjects at the time of enrollment, and skin exposure was also limited, with 43 % reporting minimal (face/neck) exposure, 52 % reporting moderate (arms/legs) exposure, and 5 % reporting high exposure (bathing suit).
Among the 36 participants receiving calcitriol, five were also receiving supplemental vitamin D. Users of calcitriol were more likely to have advanced CKD, with 26/35 (72 %) in stages 4-5 as compared to 4/59 non-users (7 %, p< 0.0001), but the use of calcitriol was not associated with 25(OH)D level or deficiency (Table 3 ). Suboptimal vitamin 
001).
The results of multivariate modeling of 25(OH)D deficiency and insufficiency are shown in Table 4 . A higher likelihood of deficiency or insufficiency of 25(OH)D was seen in those with higher PTH levels. A lower likelihood of deficiency or insufficiency was seen in those with higher 1,25(OH) 2 D levels, those most sensitive to the sun, and those who tan the most in response to the sun. 25(OH)D insufficiency was also more likely in those with higher eGFR. The addition of vitamin D intake and time spent outside did not alter the results of these models.
Hyperparathyroidism
As shown in Table 4 , those with higher 25(OH)D levels were less likely to have hyperparathyroidism. This finding held true even after controlling for 1,25(OH) 2 D levels and eGFR. Those with higher 1,25(OH) 2 D levels were also more likely to have hyperparathyroidism, and in this model, those with higher eGFR were less likely to have hyperparathyroidism.
Mean PTH increased with increasing stage of CKD. We found a total of 48 subjects with a PTH higher than the recommended target, as per KDOQI guidelines. The incidence of hyperparathyroidism varied between the different stages of CKD and was lowest in those with CKD 1, but parathyroidism was present even in early CKD (Fig. 3) . Among the 35 subjects receiving calcitriol, 17 had a PTH concentration within the target range. Those with CKD stages 4 and 5 were not more likely to have hyperparathyroidism, as defined by the KDOQI guidelines, than those with CKD stages 1, 2, 3 (Fisher exact test p00.825).
Nutritional intake
Ninety-six subjects submitted nutritional information (80 completed three recalls, 5 completed 2 recalls, 14 completed 1 recall). Due to time constraints or difficulty in being reached, not all subjects provided a dietary history. Vitamin D intake was assessed, but was highly variable, with a mean 
Discussion
In our patient sample, the prevalence of a suboptimal vitamin D status in children with CKD was comparable to that reported among healthy children and adolescents [21] . These data are in contrast to those reported in other studies which have demonstrated an increased prevalence of suboptimal Interestingly, our study cohort had a lower prevalence of vitamin D deficiency and insufficiency than has been reported in several other studies [13, 14] . Noteworthy is that although our study population is representative of our clinic population, our sample has a lower number of black patients than the majority of other studies, and given that black patients have lower than average vitamin D levels, this may have led to the significant difference observed.
Seeherunvong et al. evaluated patients with CKD stage 1-5 and found a high prevalence of vitamin D deficiency and insufficiency and reported that those with more advanced CKD were more likely to have 25(OH)D levels of <20 ng/mL than those with CKD at an earlier stage [14] . In contrast, we found that 25(OH)D insufficiency was more likely in those with higher eGFR. This may be due to the under-recognition of suboptimal vitamin D status in children with more preserved renal function, and in a larger sample population one would ideally exclude those already on supplementation. In our study, eGFR did not differ between those taking vitamin D supplements (n011) and the others (p00.57 by t test), but it is possible that a larger sample would have detected a difference. It is also possible that given the geographic location of the study, time spent outside did not differ between those with varying eGFR, and thus this is less of a factor in our study in terms of vitamin D status. We did not evaluate urinary protein losses which may result in low 25 (OH)D levels due to the loss of vitamin D binding protein [22] , and thus unrecognized urinary losses may have led to a deficiency even in those with preserved eGFR.
In contrast to studies of healthy children [21] , in which vitamin D deficiency was more prevalent during the winter months, there was no difference in 25(OH)D levels between those enrolled during the sunny months and those enrolled during non-sunny months. This finding may be related to factors associated with the chronic illness, such as ill children being less active and spending more time indoors. A longitudinal design may be able to detect changes in 25(OH)D levels among individual patients depending on season, a question that awaits further study.
Those participants who reported they took any sort of vitamin supplement had higher vitamin D levels than those who did not take any vitamins. However, this group and those specifically on vitamin D supplements were no more We demonstrated a significant difference in mean 25 (OH)D level between subjects receiving glucocorticoids and those not on this therapy, which has been reported in several other studies. Glucocorticoids are known to impair vitamin D metabolism and normal bone accretion [1, 23] . Given that many patients with CKD receive glucocorticoids either for the underlying condition, such as vasculitis, or for immunosuppression following transplantation, this result underscores the importance of monitoring and recognizing suboptimal vitamin D status in these children.
We found a high prevalence of hyperparathyroidism early in CKD and demonstrated a significant relationship between 25(OH)D and PTH regardless of calcitriol level, consistent with the findings of Shroff et al. in a study of pediatric renal transplant recipients [24] and with those of Brodersen et al. [12] . This finding underscores the fact that the disordered mineral metabolism starts early in CKD and may contribute to the difficulty in controlling the disorder in later stages of the disease. These data are especially important given the fact that osteoclasts bear a PTH receptor; consequently, increased PTH concentrations accelerate the rate of bone resorption, potentially leading to long-standing ill effects on the skeleton during a critical window for peak bone accrual. Levin et al. demonstrated that low 1,25(OH) 2 D and high PTH levels were present at higher rates than previously appreciated in patients with an eGFR of >80 mL/min [25] . This presents an opportunity for future study as well as early intervention, as hyperparathyroidism in early CKD may lead to increasing complications during later stage CKD and transplant. In a study of 890 children on peritoneal dialysis, the majority were found to have PTH levels outside of the recommended targets, a finding of some concern [26] .
Tuchman et al. noted that at 12 months post-renal transplant, iPTH was inversely associated with 25(OH)D levels, further supporting the potential role for vitamin D optimization in early CKD, or those with mild renal impairment, in helping to prevent or control worsening hyperparathyroidism [27] . Our study included an assessment of vitamin D intake, sun exposure, and both skin pigmentation and sun sensitivity and, therefore, allows for the control of other risk factors and underscores the strong influence of 25(OH)D on PTH. Calcitriol levels were lower in subjects with lower eGFR. However, there was a substantial variation in calcitriol levels for a given eGFR, highlighting the difficulty in studying these relationships, as those with the highest PTH are most likely to be receiving therapy with exogenous calcitriol.
Given the potential complications of calcitriol therapy for hyperparathyroidism, including hypercalcemia and resultant coronary artery calcification, supplemental vitamin D may provide another therapeutic avenue for PTH suppression in all stages of CKD. A smaller study of 42 children demonstrated a decrease in median PTH that was concurrent with an increase in 25(OH)D when large doses (600,000 IU over 3 days) were given to children with CKD. Belostotsky et al. demonstrated a prevalence of 58 % of children with 25(OH) D levels of <20 ng/mL and showed that high PTH levels were more common in those with 25(OH)D <20 ng/mL than in those with higher 25(OH)D levels [15] .
The recent statement from the Institute of Medicine recommends 20 ng/mL as the appropriate threshold to define vitamin D deficiency and changed the Recommended Daily Allowance (RDA) to 600 IU daily for children and adolescents, aged 1-18 years. However, the authors of those recommendations acknowledge that further study is needed regarding the benefits of higher 25(OH)D levels [28] . Furthermore, these recommendations were targeting a healthy population and, therefore, may not be applicable to those with chronic disease, such as children and adolescents with CKD. In our study, average vitamin D intake showed no significant trend with regard to those with a dietary restriction, PTH, or stage of CKD, and reported dietary intake was not associated with 25(OH)D levels. These collective findings underscore the need for the measurement of 25(OH)D levels rather than relying on intake information to ensure adequate levels. Previous reviews have noted that dietary intake is typically insufficient to optimize vitamin D levels, with most foods containing very small amounts of vitamin D per serving [29] . Of note, this study involved a disease group and, therefore, there may be issues associated with erratic intake, varied absorption, and urinary losses of vitamin D binding protein, which were not measured and may have affected the 25(OH)D concentration.
The KDOQI Clinical Practice Guidelines for Bone Metabolism and Disease in Children with Chronic Kidney Disease address the incomplete understanding of vitamin D and other modifiers of bone disease in the pediatric CKD population. KDOQI Guideline 8, Prevention and Treatment of Vitamin D Insufficiency and Vitamin D Deficiency, calls for "…studies to evaluate measures to minimize early secondary hyperparathyroidism…in patients with CKD of all ages" [30] . Our research suggests that further studies with vitamin D supplementation may offer potential avenues for intervention in this arena.
In controlling for several variables, including sun exposure, exercise, supplemental intake and medications, and the relationship of these factors to 25(OH)D levels in children with CKD, we have clarified risk factors for vitamin D insufficiency and deficiency unique to children with CKD. Therefore, these data may impact preventive measures identified for children and adolescents. Although clinically it would appear that decreased sun exposure and dietary limitations should influence vitamin D status, we observed that these variables had no appreciable impact and that the most effective intervention is likely oral supplementation.
Limitations
This was a cross-sectional study and as such, the ability to establish causality between certain factors was limited. The sample size was small relative to many studies of adults, highlighting the difficulty in drawing broad conclusions for children with relatively rare conditions. We demonstrated a significant relationship between 25(OH)D and PTH levels regardless of calcitriol level, but longitudinal studies are needed to demonstrate causality between PTH and 25(OH) D. However, we did find a significant association between 25(OH)D and 1,25(OH) 2 D levels and a negative correlation between 25(OH)D and PTH levels, which suggests a benefit to optimizing vitamin D stores in patients with hyperparathyroidism.
Using serum creatinine to estimate renal function is not ideal for research purposes. However, more reliable serum markers have yet to be validated and made commercially available. The stage of CKD of subjects in this study was classified using serum creatinine to estimate renal function, which may have led to an inaccurate classification of CKD. Because we included patients who are already receiving vitamin D supplementation, our results may be less relevant to a supplement-naïve population. Additionally, we did not control for measures such as losses of vitamin D due to urinary losses of vitamin D binding protein and other hormonal influences, such as FGF-23. Vitamin D intake was highly variable, and intake was self-reported, with no method by which to confirm compliance with medications. Birth weight and prematurity documentation were based on parental history when not available in the medical record, and subjects may have altered their diets in preparation for reporting or have reported inaccurately. While medications were obtained from medical records, it was impossible to confirm compliance in many cases.
Finally, although the ethnic distribution was consistent with our clinical practice population, our sample had significantly fewer black patients than many other studies, which may limit the generalizability of these results to children in other locations.
Conclusion
In conclusion, our research serves to increase the understanding of the role of 25(OH)D in children with CKD, as well as the relationship between CKD and PTH secretion. By evaluating 25(OH)D and 1,25(OH) 2 D levels, we have shown a correlation between vitamin D and PTH levels, and a significant relationship between 25-hydroxyvitamin D levels and PTH in pediatric patients with severe renal disease.
